Lepton Numbers in the framework of Neutrino Mixing by Bilenky, S. M. & Giunti, C.
ar
X
iv
:h
ep
-p
h/
01
02
32
0v
1 
 2
7 
Fe
b 
20
01
hep-ph/0102320
DFTT 3/2001
February 27, 2001
Lepton Numbers in the framework of Neutrino Mixing
S.M. Bilenky
Joint Institute for Nuclear Research, Dubna, Russia, and
INFN, Sez. di Torino, and Dip. di Fisica Teorica, Univ. di Torino, I–10125 Torino, Italy
and
C. Giunti
INFN, Sez. di Torino, and Dip. di Fisica Teorica, Univ. di Torino, I–10125 Torino, Italy
Abstract
In this short review we discuss the notion of lepton numbers. The strong evidence in favor
of neutrino oscillations obtained recently in the Super-Kamiokande atmospheric neutrino
experiment and in solar neutrino experiments imply that the law of conservation of family
lepton numbers Le, Lµ and Lτ is strongly violated. We consider the states of flavor neutrinos
νe, νµ and ντ and we discuss the evolution of these states in space and time in the case of
non-conservation of family lepton numbers due to the mixing of light neutrinos. We discuss
and compare different flavor neutrino discovery experiments. We stress that experiments on
the search for νµ → ντ and νe → ντ oscillations demonstrated that the flavor neutrino ντ is
a new type of neutrino, different from νe and νµ. In the case of neutrino mixing, the lepton
number (only one) is connected with the nature of massive neutrinos. Such conserved lepton
number exist if massive neutrinos are Dirac particles. We review possibilities to check in
future experiments whether the conserved lepton number exists.
1 Introduction
The strong evidence in favor of neutrino masses and mixing that was obtained recently in
the Super-Kamiokande atmospheric neutrino experiment [1] opened a new epoch in neutrino
physics. Evidence in favor of neutrino mixing was also obtained in all solar neutrino ex-
periments: Homestake [2], Kamiokande [3], GALLEX [4], SAGE [5], Super-Kamiokande [6],
GNO [7]. Indications in favor of νµ → νe oscillations were found in the accelerator LSND
experiment [8].
All these data can be explained in terms of neutrino oscillations, if the masses of neutrinos
are different from zero and the fields of massive neutrinos enter in the standard CC and NC
interaction Lagrangian
L
CC
I = −
g
2
√
2
jCCα W
α + h.c. , jCCα = 2
∑
ℓ=e,µ,τ
νℓL γα ℓL + . . . (1)
L
NC
I = −
g
2 cos θW
jNCα Z
α + h.c. , jNCα =
∑
ℓ=e,µ,τ
νℓL γα νℓL + . . . (2)
in the mixed form1
νℓL =
3∑
i=1
Uℓi νiL . (3)
Here νi is the field of the neutrino with mass mi and U is the mixing matrix.
In the framework of theories with massless neutrinos it was customary to introduce the
family lepton numbers Le, Lµ and Lτ , correspondingly, for the pairs (νe, e
−), (νµ, µ
−) and
(ντ , τ
−). The observation of neutrino oscillations clearly demonstrates that family lepton
numbers are not conserved.
In Section 2 we consider the states of flavor neutrinos and the evolution of these states in
vacuum. In Section 3 we discuss and compare different flavor neutrino discovery experiments.
In Section 4 we review the concept of lepton number in the framework of the theory of
neutrino masses and mixing.
2 Flavor neutrino states
In this Section we consider, in the framework of neutrino mixing:
1. Decays in which family lepton numbers are not conserved (like µ+ → e+ + γ, µ+ →
e+ + e− + e+ and others).
2. Flavor neutrino states.
3. Transitions between flavor neutrinos in vacuum (neutrino oscillations).
1 In order to describe all existing neutrino oscillation data, including LSND data, it is necessary to assume
that there are transitions of flavor neutrinos νℓ into sterile states (see, for example, [9]). We will not consider
here this possibility.
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If there is neutrino mixing (Eq. (3)), processes of transitions between leptons of different
families, as µ+ → e+ + γ, µ+ → e+ + e− + e+ and others, become possible. Let us consider,
for example, the decay µ+ → e+ + γ (see the diagrams in Fig.1). In the simplest case of
mixing of two neutrinos with masses m1 andm2 the ratio R of the probability of µ
+ → e++γ
decay to the probability of the decay µ+ → e+ + νe + ν¯µ is given by [10, 11, 12]
R =
3α
128π
(
∆m2
m2W
)2
sin2 2ϑ , (4)
where mW is the mass of the W boson, ∆m
2 ≡ m22−m21 and ϑ is the neutrino mixing angle.
The value of ∆m2/m2W in Eq. (4) is
∆m2
m2W
≃ 1.5× 10−22 ∆m
2
eV2
. (5)
For ∆m2 . 1 eV2, for the ratio R we have
R . 1.2× 10−48 . (6)
Thus, though the processes µ+ → e+ + γ, µ+ → e+ + e− + e+ and others are in principle
allowed in the case of neutrino mixing, it is practically impossible to observe them2.
The strong suppression of the probability of processes like µ+ → e+ + γ is due to the
fact that the coefficient in Eq. (5) is very small. As we will see later, in the case of neutrino
oscillations the corresponding coefficient, L/E (E is the neutrino energy and L is the distance
between neutrino source and detector), can be many orders of magnitude larger. This is the
main reason why effects of violation of the law of conservation of lepton numbers can be
revealed in neutrino oscillation experiments3.
Let us consider now, in the framework of neutrino mixing, the state |νℓ〉 of a flavor
neutrino produced in the CC weak decay process
A→ B + ℓ+ + νℓ . (7)
For example, in the case of neutrinos produced in nuclear β+ decay, A = N(A,Z), B =
N(A,Z − 1), ℓ = e.
If there is neutrino mixing, the flavor neutrino state |νℓ〉 is a superposition of states of
massive neutrinos νi:
|νℓ〉 =
∑
i
|νi〉〈ℓ+, νi, B|S|A〉 , (8)
where 〈ℓ+, νi, B|S|A〉 is the relevant element of the S matrix.
2 If the violation of the law of conservation of lepton numbers is due to other mechanisms, as supersym-
metry, the probability of the decay µ+ → e+ + γ and other similar processes can be much larger than in the
case of neutrino mixing (see [13, 14, 15, 16]).
3 In the case of neutrinoless double-β decay of nuclei N(A,Z)→ N(A,Z + 2) + e− + e− the suppression
of the decay probability is less strong than in the decay µ+ → e+ + γ and similar processes. We consider
neutrinoless double-β decay in Section 4.
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From the data of laboratory experiments and astrophysical observations we know that
neutrino masses are very small (see [17]),
mi . few eV . (9)
Since in order to be detected in present-day experiments neutrinos must have energy E &
0.1MeV, we have m2i /E
2 ≪ 1. Thus, the kinematical dependence of the matrix element
〈ℓ+, νi, B|S|A〉 on neutrino masses can be neglected with very good approximation, leading
to
〈ℓ+, νi, B|S|A〉 ≃ U∗ℓi 〈ℓ+, νℓ, B|S|A〉
∣∣
mi=0
. (10)
Here 〈ℓ+, νℓ, B|S|A〉|mi=0 is the matrix element evaluated in the Standard Model, with zero
neutrino masses. From Eqs. (8) and (10), the normalized state describing the flavor neutrino
produced in the decay process (7) is
|νℓ〉 =
∑
i
U∗ℓi |νi〉 . (11)
Neutrinos νi with mass mi are produced in standard weak decays in states with left-
handed as well as right-handed helicities. However, in the Standard Model the probability
to produce a neutrino νi in a state with right-handed helicity is negligibly small because it
is proportional to m2i /E
2. Thus, νi’s and, consequently, flavor neutrinos νℓ are produced in
standard weak interaction processes in almost pure left-handed states.
The state of antineutrino |ν¯ℓ〉, the particle that is produced in a CC weak process together
with a ℓ−, is given by
|ν¯ℓ〉 =
∑
i
Uℓi|ν¯i〉 . (12)
The state vector |ν¯i〉 describes antineutrinos with right-handed helicity in the case of Dirac
νi or neutrinos with right-handed helicity in the case of Majorana νi. Hence, the state vector
|ν¯ℓ〉 describes neutrinos with right-handed helicity.
In the general case of CP violation in the lepton sector, there are phases in the neutrino
mixing matrix U . Therefore, the states |νℓ〉 and |ν¯ℓ〉 differ not only by helicity, but also by
the sign of the CP-violating phases. The violation of CP in the lepton sector can be revealed
through the investigation of neutrino oscillations (see, for example, [12, 9]).
In oscillation experiments neutrinos are detected at some distance from the source. Neu-
trinos produced as flavor neutrinos νℓ are described at the source by the state (11). Taking
into account the evolution in space and time, the neutrino beam at the distance ~x from the
source and at the time t after production is described by the state∑
i
ei(~pi·~x−Eit) U∗ℓi |νi〉 , (13)
where ~pi is the three-momentum of the massive neutrino νi and Ei =
√
|~pi|2 +m2i is its
energy.
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Let us consider an experiment in which neutrinos described by the state (13) are detected
through the observation of the CC process
νℓ′ +N → ℓ′ +X . (14)
Here N is a target nucleon, ℓ′ is the final lepton and X represents final hadrons. The
amplitude of the process (14) is proportional to∑
i
〈ℓ′, X|S|N, νi〉 ei(~pi·~x−Eit) U∗ℓi . (15)
As in the case of neutrino production, for ultra-relativistic neutrinos the contribution of
neutrino masses to the matrix element in Eq. (15) can be neglected with very good approx-
imation:
〈ℓ′, X|S|N, νi〉 ≃ Uℓ′i 〈ℓ′, X|S|N, νℓ′〉|mi=0 , (16)
where 〈ℓ′, X|S|N, νℓ′〉|mi=0 is the matrix element evaluated in the Standard Model, with
massless neutrinos. Therefore, the probability amplitude to observe a flavor neutrino νℓ′ at
the distance ~x from the source and at the time t after production of a flavor neutrino νℓ is
given by
Aνℓ→νℓ′ (~x, t) =
∑
i
Uℓ′i e
i(~pi·~x−Eit) U∗ℓi . (17)
From this expression it is clear that transitions between different flavor neutrinos can take
place only if the following two conditions are satisfied:
1. The matrix U is non-diagonal.
2. The phase factors ei(~pi·~x−Eit) for different massive neutrinos νi are different.
If neutrinos are massless, ~pi = ~p and Ei = E, leading to the transition probability
Pνℓ→νℓ′ (~x, t) = |Aνℓ→νℓ′ (~x, t)|2 = δℓℓ′ . (18)
In general, using the unitarity of the neutrino mixing matrix, we have
0 ≤ Pνℓ→νℓ′(~x, t) ≤
∑
i
|Uℓ′i|2
∑
k
|Uℓk|2 = 1 . (19)
Let us enumerate the neutrino masses in such a way that
m1 < m2 < m3 . (20)
Taking into account the unitarity of the mixing matrix U , the amplitude (17) of νℓ → νℓ′
transitions can be written in the form
Aνℓ→νℓ′ (x) = e
i(~p1·~x−E1t)
{
δℓℓ′ +
∑
i
U∗ℓiUℓ′i
[
ei(~pi−~p1)·~x−i(Ei−E1)t) − 1]
}
. (21)
4
It is obvious that the common phase ei(~p1·~x−E1t) does not enter into the expression for the
transition probability. Taking into account the fact that the neutrino is detected only if its
three-momentum is aligned along ~x (i.e. ~p = |~p|~x/|~x|), the phase difference φi1 = (~pi −~p1) ·
~x− (Ei − E1)t in Eq. (21) can be written as
φi1 = (pi − p1)x− (Ei − E1)t , (22)
where x ≡ |~x| and pi ≡ |~pi|. Furthermore, we have
φi1 =
p2i − p21
pi + p1
x− (Ei − E1)t = (φi1)st − (Ei −E1)
(
t− Ei + E1
pi + p1
x
)
, (23)
where
(φi1)st = −∆m
2
i1x
pi + p1
≃ −∆m
2
i1x
2E
, (24)
with ∆m2ij ≡ m2i −m2j , is the standard expression for the phase difference (see, for example,
[18, 12, 19, 9]). Here E is the neutrino energy given by the kinematics of the production
process neglecting neutrino masses. The second term on the right-hand side of Eq. (23) is
much smaller than (φi1)st. Indeed, the kinematics of the production process implies that
Ei − E1 ∼ ∆m
2
i1
E
. (25)
Since the velocity of the neutrino signal is equal to the velocity of light minus a correction
of the order m2i /E
2, we have (
t− Ei + E1
pi + p1
x
)
∼ m
2
i
E2
x . (26)
Therefore, the second term on the right-hand side of Eq. (23) is of the order
|(φi1)st| m
2
i
E2
≪ |(φi1)st| , (27)
and can be neglected4.
The probability of νℓ → νℓ′ transitions is given by
Pνℓ→νℓ′(L) =
∣∣∣∣∣δℓℓ′ +
∑
i
U∗ℓiUℓ′i
(
e−i
∆m2i1L
2E − 1
)∣∣∣∣∣
2
, (28)
where L = x is the distance between neutrino source and detector.
4 Let us stress that we did not assume the equality of momenta or equality of energies of massive neutrinos
νi. Such assumptions are often discussed in literature (see [20, 21, 22] and references therein). The wave
packet treatment of neutrino transitions gives the same result [23, 24].
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The transition probability depends on the quantity L/E that is determined by the ex-
perimental conditions. If the quantity L/E is so small that for all ∆m2i1
∆m2i1L
2E
≪ 1 , (29)
then P (νℓ → νℓ′) ≃ δℓℓ′ and violation of the law of conservation of family lepton numbers
cannot be observed. A violation of this law can be observed only if the quantity L/E is large
enough so that for at least one neutrino mass-squared difference, say ∆m2,
∆m2L
2E
& 1 . (30)
This condition can be rewritten as
2.5
L(m)
E(MeV)
∆m2(eV2) & 1 . (31)
where L(m) is the source-detector distance in meters, E(MeV) is neutrino energy in MeV,
and ∆m2(eV2) is the neutrino mass-squared difference in eV2. In short-baseline neutrino
oscillation experiments L/E ∼ 10−2 − 102, in long-baseline neutrino oscillation experiments
L/E ∼ 102 − 103, in atmospheric neutrino experiments L/E ∼ 102 − 104, and in solar
neutrino experiments L/E ∼ 1010 − 1011, leading to a sensitivity to ∆m2 ∼ 10−2 − 102 eV2,
10−3 − 10−2 eV2, 10−4 − 10−2 eV2, 10−11 − 10−10 eV2, respectively.
In conclusion of this section, let us stress that in the case of mixing of neutrinos with
small masses, flavor neutrinos and antineutrinos are not quanta of the νe, νµ and ντ fields
[25]. In other words, νe, νµ and ντ are not fields of particles
5.
The neutrinos νe, νµ, ντ (antineutrinos ν¯e, ν¯µ, ν¯τ ), are produced in CC weak decays
together with, correspondingly, e+, µ+, τ+ (e−, µ−, τ−), and produce, correspondingly, e−,
µ− τ− (e+, µ+, τ+) in CC processes of the interaction with nucleon etc. These neutrinos
carry the flavor of corresponding leptons and their appropriate names are flavor neutrinos6.
The states of flavor neutrinos (antineutrinos) are the superpositions of states of neutrinos
with definite masses and negative helicity (positive helicity). Thus, flavor neutrinos do not
have definite mass.
The investigation of neutrino oscillations is the most sensitive method to reveal the
violation of the law of conservation of family lepton numbers (see [18, 12, 19, 9]).
5 There is no difference of principle between neutrino mixing and quark mixing. It is obvious that, for
example, in the quark case
d′L =
∑
q=d,s,b
Vuq qL
is not a particle field but the combination of the left-handed components of the d, s and b fields.
6 Sometimes states of flavor neutrinos are called eigenstates of weak interactions. We do not think that
this name reflect the real content of the notion of a flavor neutrino state.
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3 Flavor neutrino discovery experiments
In this section we discuss and compare different flavor neutrino discovery experiments.
As it is well known, the electron neutrino νe was discovered by C.L. Cowan and F. Reines
in the fifties [26, 27, 28]. In 1962, in the Brookhaven experiment of Lederman, Schwartz,
Steinberger et al. [29] the second flavor neutrino νµ was discovered. In 2000 the tau neutrino
ντ has been directly detected in the DONUT experiment [30].
In the Cowan and Reines experiment, electron (anti)neutrinos have been detected through
the observation of the process
ν¯e + p→ e+ + n , (32)
with antineutrinos from the powerful Savannah River reactor.
In a reactor ν¯e’s are produced in a chain of β-decays of radioactive neutron-rich nuclei,
products of the fission of 235U and 238U. The energy of reactor antineutrinos is less than about
10 MeV. About 2 × 1014 ν¯e’s are emitted per second per KW. The power of the Savannah
River reactor was ≃ 2300MW (th). Thus, about 2.3× 1020 ν¯e’s per second were emitted by
the reactor. The flux of ν¯e’s in the Cowan and Reines experiment was ≃ 1013 cm−2 s−1.
As it is well known, the hypothesis of the existence of neutrino was put forward in 1930
by W. Pauli in order to solve the problem of continuous β-spectra and the problem of the
spin and statistics of some nuclei (like 14N). In 1933 E. Fermi assumed that an electron and
an antineutrino are produced in the process
n→ p+ e− + ν¯e , (33)
and proposed the first Hamiltonian of β-decay.
It is a direct consequence of quantum field theory that an ν¯e that is produced in β-decay
together with an electron must produce a positron in the process (32). Moreover, if the
interaction responsible for the decay of the neutron is known, one can connect the cross
section of the process (32) at the small reactor energies with the lifetime of the neutron.
Neglecting small corrections due to neutron recoil, the total cross section of the process (32)
is given by (see, for example, [31])
σ(ν¯ep→ e+n) = 2π
2
m5efτn
peEe . (34)
Here Ee = E − (mn − mp) is the energy of the positron (E is the antineutrino energy),
τn = 886.7± 1.9 s is the lifetime of the neutron, f = 1.686 is the neutron statistical factor
that includes Coulomb interactions of the final proton and electron, mn, mp and me are
masses of the neutron, proton and electron, respectively.
In the Cowan and Reines experiment positrons and neutrons produced in the process
(32) were detected and for the first time the corresponding very small neutrino cross section
σ ∼ 10−43 cm2 was measured. This became possible because of the existence of an intensive
source of antineutrinos (reactor) and because of the invention of large scintillator counters.
The total cross section of the process (32) measured in the Cowan and Reines experiment,
σ(ν¯ep→ e+n)exp = (11± 4)× 10−44 cm2 , (35)
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was in an agreement with the expected cross section
σ(ν¯ep→ e+n)th = 9.5× 10−44 cm2 . (36)
The Cowan and Reines experiment was a crucial confirmation of the Pauli-Fermi hypothesis
of existence of the neutrino. This experiment also confirmed the correctness of the field-
theoretical relation (34) between the lifetime the neutron and the cross section of the cross-
symmetrical process (32). However, since the energy of antineutrinos from a reactor is not
enough to produce muons, the Cowan and Reines experiment could not reveal the existence
of other flavor neutrinos, besides νe.
The next flavor neutrino discovery experiment was the 1962 Brookhaven experiment of
L.M. Lederman, M. Schwartz, J. Steinberger et al. [29].
At that time there were some indications that the muon neutrino (the neutrino that is
produced in µ-capture, µ-decay and other weak processes in which the muon participates) and
the electron neutrino are different particles. These indications were based on the comparison
of the results of calculations of the probability of µ → e + γ decay with the experimental
upper bound for the probability of this decay.
If νµ and νe are the same particle, the decay µ → e + γ is allowed. The probability of
this decay was calculated in Ref. [32] in the framework of a nonrenormalizable theory with
intermediate W boson (diagrams are similar to the diagrams in Fig. 1), assuming that the
W -boson has a normal magnetic moment and that the cut-off mass is equal to the mass of
the W . The resulting value of the ratio R of the probability of the decay µ→ e+ γ and the
total probability of muon decay was R = α/(24π) ≃ 10−4 [32].
On the other hand, the decay µ → e + γ was not observed experimentally. At the time
of the Brookhaven experiment, the upper bound was R . 10−8 [33, 34]7.
In spite of the indication of the existence of a muon neutrino given by the non-observation
of µ → e + γ decays, it was extremely important to check whether νµ and νe are the same
or different particles in a direct neutrino experiment. The Brookhaven experiment was the
ideal experiment for this aim8.
In this experiment the neutrino beam was produced in the decays of pions with a small
admixture of neutrinos from the decays of kaons and muons. The dominant decay mode of
the π+ meson is
π+ → µ+ + νµ . (37)
According to the universal V − A theory of weak interactions of Feynman and Gell-Mann
[36] and Marshak and Sudarshan [37], the ratio of the probability of the decay
π+ → e+ + νe (38)
and the probability of the decay in Eq. (37) is about9 1.2× 10−4. Hence, the neutrino beam
in the Brookhaven experiment was practically a pure beam of muon neutrinos.
7 Now the upper bound is R ≤ 1.2× 10−11 [17].
8 The experiment was proposed by B. Pontecorvo in 1959 [35].
9 This prediction of the V-A theory was beautifully confirmed in a CERN experiment in 1958 [38].
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The pion beam in the experiment was produced by 15 GeV protons striking a berillium
target. Neutrinos from the decays of pions had a spectrum of energies . 1GeV. Neutrino
interactions were observed in a 10 ton aluminum spark chamber.
According to field theory, a muon neutrinos produced in the decay (37) together with a
µ+ must produce µ− in the process
νµ +N → µ− +X . (39)
In order to investigate if νµ and νe are the same or different particles, one needs to check
whether νµ’s can produce also electrons in the process
νµ +N → e− +X . (40)
If electron and muon neutrinos are the same particles, according to the universal V −A theory
one must expect to observe in the detector approximately an equal number of electrons and
muons.
In the Brookhaven experiment 34 single muon events have been observed, with an ex-
pected background from cosmic rays of 5 events. The measured cross section was in agree-
ment with the V −A theory. Six shower events were observed, with a distribution of sparks
totally different from that expected for electrons. If νµ and νe are the same particles, 29 elec-
tron events with energy more than 400 MeV should have been observed in the experiment10.
Summarizing, the Brookhaven experiment proved that muon neutrinos, produced to-
gether with muons, cannot produce electrons in the process (40). Therefore, it was proved
that νe and νµ are different flavor neutrinos. The Brookhaven experiment also proved for
the first time that accelerator νµ’s produced in the process (37) can be detected.
Let us notice that the results of the Brookhaven experiment and all other data existing
at that time were interpreted in terms of two conserved family lepton numbers Le and
Lµ that allowed to distinguish (νe, e
−) and (νµ, µ
−) pairs and to forbid processes of type
(40). We know now that in the framework of neutrino mixing family lepton numbers are
not conserved and muon neutrinos at some distance can transform into electron neutrinos
and produce electrons (as in the case of LSND experiment [8]). From the point of view
of neutrino mixing, flavor neutrino discovery experiments require relatively small distances
between neutrino sources and detector and relatively large energies, in order to satisfy the
condition (29).
In 1975 the third lepton, τ , was discovered by M. Perl et al. [41, 42]. After this discovery
many decay modes of τ have been investigated:
τ− → µ− + ν¯µ + ντ , τ− → π− + ντ ,
τ− → e− + ν¯e + ντ , τ− → π− + π0 + ντ ,
τ− → K− + ντ , (41)
and others.
10 In 1963 in CERN, with the invention of the magnetic horn, the intensity and purity of neutrino beams
was greatly improved. The Brookhaven result was confirmed with good accuracy in a large 45 tons spark-
chamber experiment [39] and in a large bubble chamber experiment [40].
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All experimental data on τ decays are in good agreement with the Standard Model
[43, 44, 45]. It is a general a consequence of field theory that the neutrino ντ produced in τ
decays as those in Eq. (41) can produce τ−’s in process as
ντ +N → τ− +X (42)
and others. Moreover, e− µ− τ universality of weak interactions allows to predict the cross
section of the process (42).
Therefore, the investigation of τ decays of the type (41) and subsequent charged-current
processes as the one in Eq. (42) do not allow to check if ντ is a new type of neutrino, different
from νµ and νe. However, as in the case of νµ and νe this can be tested in a different type of
neutrino experiment.
In order to prove that ντ is a new type of neutrino, it is necessary to prove either that
ντ ’s cannot produce electrons or muons, or that νµ’s and νe’s cannot produce τ ’s.
The Brookhaven experiment proved that muon neutrinos produce muons and do not
produce electrons with the predicted cross section. However, another type of experiment
could prove that νµ and νe are different particles. Imagine that it would be possible to create
a pure beam of νe’s with energies well above of the threshold of µ
− production. If in an
experiment with such a beam it were shown that νe’s produce electrons and do not produce
muons with the predicted cross section (under the assumption that νµ and νe are the same
particles) it would be proven that the flavor neutrinos νµ and νe are different.
So far no experiment has proved that ντ ’s cannot produce electrons or muons, but several
neutrino oscillation experiments looking for νµ → ντ and νe → ντ transitions have proved
that νµ’s and νe’s cannot produce τ ’s. These experiments are: FNAL-E531 (νµ → ντ and
νe → ντ ) [46], CHARM II (νµ → ντ ) [47], CCFR (νe → ντ ) [48], CHORUS (νµ → ντ and
νe → ντ ) [49] NOMAD (νµ → ντ and νe → ντ ) [50].
For example, the neutrino beam in the recent CHORUS and NOMAD experiments,
produced with the CERN SPS accelerator, was predominantly composed of νµ’s, with small
ν¯µ, νe and ν¯e components. The percentage of νe was about 0.9% and the contamination of
ντ in the beam is negligible (≃ 5× 10−6). The average energies of νµ and νe are 27 GeV and
40 GeV, respectively. Notice that the threshold of production of τ ’s in the process (42) is
3.5 GeV.
No event of τ -lepton production have been observed in the CHORUS and NOMAD
experiments at a distance of about 600 m from the source, leading to the following upper
bounds for the probabilities of νµ → ντ and νe → ντ transitions:
Pνµ→ντ ≤ 3.4× 10−4 , Pνe→ντ ≤ 2.6× 10−2 [49] ,
Pνµ→ντ ≤ 2.1× 10−3 , Pνe→ντ ≤ 2.6× 10−2 [50] . (43)
These very stringent limits imply that the flavor neutrinos νµ and νe are different from ντ . If
νµ and ντ were the same particle, about 5014 one-µ events (events with one reconstructed µ
−
from the decay τ− → µ− + ν¯µ + ντ ) would have been observed in the CHORUS experiment.
In reality no event of this type was observed. If νe and ντ were the same particle, about
23 events with a highly energetic e− from the decay τ− → e− + ν¯e + ντ would have been
observed in the NOMAD experiment. No event of this type was observed above the expected
background.
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Let us notice that also the experimental upper bounds for the relative probabilities of
the decays τ− → µ− + γ and τ− → e− + γ,
Rµ ≤ 1.1× 10−6 , Re ≤ 2.7× 10−6[17] , (44)
imply that ντ is different from νe and νµ. This follows from an argument that is similar to
the one explained above for the decay µ→ e+ γ at the time of the Brookhaven experiment,
based on the smallness of the upper limits (44) with respect to the value R ≃ 10−4 expected
if νµ and ντ or νe and ντ are the same particle [32].
The flavor neutrino ντ was directly detected for the first time in the DONUT experiment
[30]. The DONUT experiment is a beam-dump experiment. Neutrinos in this experiment
were produced in the decays of short-lived charm particles. The neutrino beam was composed
mainly of νe’s and νµ’s, with about 5% of ντ ’s from the decay
Ds → τ + ντ . (45)
Neutrinos are detected in the DONUT experiment in emulsions at a distance of 36 m from
the source. The important signature of τ production is the kink from τ -decay. In a set
of 203 neutrino interactions, four events with a kink, which satisfy all requirements for the
production and decay of τ , were found. The estimated background is 0.34± 0.05 events.
Up to now we considered only CC processes due to the intermediate W -boson. The
investigation of NC processes due to the intermediate Z-boson, as
νµ +N → νµ +X , νµ + e→ νµ + e , ν¯e + e→ ν¯e + e , (46)
and others, have allowed to prove that νµ and νe interact with the Z-boson in accordance
with the Standard Model.
The four LEP experiments (ALEPH, DELPHI, L3, OPAL) determined with high accu-
racy that the number nν of light flavor neutrinos (mass . 45GeV) produced in the decay of
the Z-boson is three (see [17]):
nν = 3.00± 0.06 . (47)
From the observation of the processes (46) it follows that two flavor neutrinos that con-
tribute to nν in Eq. (47) are νµ and νe. The most plausible candidate for the third neutrino
is ντ , discovered in CC reactions. It is interesting that we still have no direct proof of that
(for such a proof the investigation of ντ -induced NC processes is required).
4 Lepton number and neutrino mixing
In the case of neutrino mixing, the possible existence of a conserved lepton number can be
connected only with neutrinos with definite masses. The neutrino mass term has the form
Lmass = −
∑
i
mi νiR νiL + h.c. . (48)
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If the right-handed components νiR and the left-handed components νiL are independent,
the massive neutrinos νi are Dirac particles. Indeed, in this case the total Lagrangian is
invariant under the global gauge transformation
νiL → eiανiL , νiR → eiανiR , ℓ→ eiαℓ , (49)
where α is an arbitrary constant. This invariance implies that the lepton number L, which
has the same value for e−, µ−, τ− and all νi’s, is conserved. In this case the quanta of the
fields νi are neutrinos with L = 1 and antineutrinos with L = −1.
On the other hand, if the right-handed components νiR and the left-handed components
νiL are not independent, but connected by the relation
νiR = (νiL)
c = C(νiL)
T (50)
(C is the matrix of charge conjugation), the massive neutrinos νi are Majorana particles. In
this case there is no any gauge invariance of the total Lagrangian11 and the neutrino field
νi = νiL + νiR satisfies the Majorana condition
νi = (νi)
c . (51)
This condition implies that the quanta of the field νi are truly neutral Majorana neutrinos
(identical to antineutrinos).
The problem of the nature of neutrino with definite masses is one of the most fundamental
problem of the physics of massive and mixed neutrinos and is connected with the origin of
neutrino masses and neutrino mixing.
Dirac neutrino masses can be generated by the standard Higgs mechanism. Majorana
neutrino masses require a new mechanism of neutrino mass generation that is beyond the
Standard Model. One of the most popular mechanisms of neutrino mass generation is the
see-saw mechanism [51, 52, 53]. This mechanism is based on the assumption that the law
of conservation of lepton number is violated at a scale that is much larger then the scale
of violation of the electroweak symmetry. The see-saw mechanism allows to connect the
smallness of neutrino masses with a large physical scale that characterizes the violation of
the lepton number conservation law.
In order to reveal the Dirac or Majorana nature of neutrinos it is necessary to study
neutrino mass effects12.
It is impossible to distinguish massive Dirac and Majorana neutrinos through the in-
vestigation of neutrino oscillations [55, 56, 57]. Indeed, in the case of neutrino mixing the
leptonic CC current has the form
jCCα = 2
∑
ℓ,i
ℓL γα Uℓi νiL . (52)
11 In the Majorana case the transformation νiL → eiανiL requires νiR → e−iανiR. It is obvious that the
mass term (48) is not invariant under these transformations.
12 Dirac neutrinos and Majorana neutrinos are different only if neutrino masses are different from zero. In
the case of standard electroweak interactions with left-handed neutrino fields there is no physical difference
between massless Dirac and massless Majorana neutrinos [54].
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If νi are Dirac fields, the mixing matrix U is determined up to the transformation
Uℓi → e−iαℓ Uℓi eiβi , (53)
where αℓ and βi are arbitrary parameters. This is due to the fact that the phases of Dirac
fields are arbitrary.
In the case of Majorana neutrinos, the Majorana condition (51) does not allow to in-
clude arbitrary phases into the fields. Thus, in the Majorana case the mixing matrix U is
determined only up to the transformation
Uℓi → e−iαℓ Uℓi , (54)
From Eqs. (53) and (54) it follows that the number of physical CP-violating phases in the
Dirac and Majorana cases are different13.
From Eq. (17) one can see that under both transformation (53) and (54) the amplitude
of νℓ → νℓ′ transitions is transformed as
Aνℓ→νℓ′ → e−i(αℓ′−αℓ) Aνℓ→νℓ′ , (55)
and the probability of νℓ → νℓ′ transitions is invariant under the transformation (55). This
means that the transition probability is independent from the additional phases in the Ma-
jorana case.
The most promising process that allows to investigate the nature of massive neutrino
(Dirac or Majorana?) is neutrinoless double-β decay of even-even nuclei:
N(A,Z)→ N(A,Z + 2) + e− + e− . (56)
The diagram of this process is depicted in Fig. 2. In the case of mixing of Majorana
neutrinos, the neutrino propagator in Fig. 2 is given by
〈0|T [νeL(x1)νTeL(x2)] |0〉 = −∑
i
U2ei
1− γ5
2
〈0|T [νi(x1)ν¯i(x2)] |0〉 1− γ5
2
C
= − i
(2π)4
∫
d4p e−ip(x1−x2)
∑
i
U2ei
mi
p2 −m2i
1− γ5
2
C . (57)
From Eq. (57) it follows that in the case of small neutrino masses the matrix element of
neutrinoless double-β decay is proportional to
〈m〉 =
∑
i
U2eimi . (58)
13 For n families the number of physical phases in the case of Dirac neutrinos is (n− 1)(n− 2)/2 (in this
case the number of phases is the same as in the quark case). In the case of Majorana neutrinos the number
of the physical phases is larger: n(n− 1)/2, i.e. there are n− 1 additional phases.
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Thus, the process (56) is allowed if neutrinos are Majorana particles and massive. Notice
that neutrino mixing is not required for that14.
Neutrinoless double-β is a process of second order in the Fermi constant GF . Its matrix
element is proportional to small neutrino masses. The expected lifetime of neutrinoless
double-β decay is much larger than the lifetime of usual β-decays. However, because of the
clear signature of the process (two electrons with definite total energy in the final state),
several experiments have obtained very large lower bounds for the lifetime of neutrinoless
double-β decay of different nuclei (see [58]). The lower limits for the lifetimes of 76Ge and
136Xe obtained in the Heidelberg-Moscow experiment [59] and in the Gotthard experiment
[60] are
T (76Ge) ≥ 5.7× 1025 yr , T (136Xe) ≥ 4.4× 1023 yr , at 90% CL. (59)
These limits imply upper bounds for the effective Majorana mass 〈m〉, with values that
depend on the calculation of nuclear matrix elements. The results of different calculations
lead to the limits
〈m〉 ≤ 0.2− 0.6 eV (76Ge) , 〈m〉 ≤ 2.2− 5.2 eV (136Xe) , at 90% CL. (60)
Several new experiments searching for neutrinoless double-β decay are in preparation. These
future experiments are planned to be sensitive to values of 〈m〉 ∼ 10−1 eV [61, 62], or even
∼ 10−2 eV [63, 64, 65].
The results of neutrino oscillation experiments give information on neutrino masses and
on the elements of the neutrino mixing matrix. The possible values of |〈m〉|, depend, among
others, on the character of the neutrino mass spectrum, on the real existence of the oscilla-
tions observed in the LSND experiment, and on the absolute values of neutrino masses (see
[66, 67, 68, 69, 70, 71]).
If the results of the LSND experiment will not be confirmed by future experiments, all
the other neutrino data can be explained by the existence of only three massive and mixed
neutrinos.
If there is a hierarchy of neutrino masses,
m1 ≪ m2 ≪ m3 , (61)
there is a stringent upper bound for the effective Majorana mass [67, 69]:
|〈m〉| . 10−2 eV . (62)
14 The probability of neutrinoless double-β decay is suppressed because of the smallness of neutrino masses.
If there is no mixing (i.e. U is the unit matrix), 〈m〉 = m, where m is the Majorana mass of νe. In neutron
decay both right-handed and left-handed Majorana electron neutrinos are emitted together with e−’s. The
amplitude of the production of left-handed neutrinos is proportional to m/E (E is the neutrino energy).
The left-handed Majorana neutrino can be absorbed by another neutron in a nucleus with the production
of another e−. The amplitude of absorption of right-handed neutrinos is proportional to m/E. Hence,
the amplitude of neutrinoless double β-decay is proportional to (m/E) . 10−7 for typical nuclear energies
E ∼ 10MeV.
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In the case of an “inverted hierarchy”,
m1 ≪ m2 < m3 , m1 ≪ 1 eV (63)
the upper bound for the effective Majorana mass is less stringent [69]:
|〈m〉| . 7× 10−2 eV . (64)
If the evidence in favor of short-baseline νµ → νe oscillations obtained in the LSND
experiment will be confirmed by other experiments, the effective Majorana mass could be
as large as ∼ 1 eV or smaller than ∼ 10−2 eV, depending on the neutrino mass spectrum
[66, 67, 68, 69, 70].
5 Conclusions
We have discussed the notion of lepton numbers in the case of neutrino mixing. We have
stressed that the existence of neutrino oscillations means that there are no conserved family
lepton numbers Le, Lµ, Lτ . The flavor neutrinos νe, νµ and ντ participate in weak interactions
(νµ is produced together with a µ
+ in π+ decay, etc.). In the case of small neutrino masses
the states of flavor neutrinos are superpositions of the states of neutrinos νi with definite
masses. Flavor neutrinos are not quanta of any field and they have no definite masses.
We have discussed the difference between different flavor neutrino discovery experiments.
The results of νµ → ντ and νe → ντ oscillation experiments clearly demonstrate that ντ is a
new type of flavor neutrino, different from νe and νµ. The ντ has been detected directly in
the recent DONUT experiment.
We have stressed that a conserved lepton number L can exist only if massive neutrinos
are Dirac particles. In this case the electron, muon, tau-lepton and massive neutrinos νi
have the same values of L. The lepton number L distinguishes neutrinos from antineutrinos.
Different neutrinos differ by the value of their masses.
If massive neutrinos are Majorana particles there are no conserved lepton numbers. The
search for neutrinoless double-β decay is the most promising method to test the conservation
of lepton number in the case of neutrino mixing.
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Figure 1: Diagrams contributing to the decay µ+ → e+ + γ at lowest order.
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Figure 2: Diagram of neutrinoless double-β decay.
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